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Abstract 
In the paper, we suggest widening the scope of cryogenic atomic-force microscopy in order to determine Young’s modulus 
of biological objects over a temperature range stretching from 30 to 300 K. A new technique assumes some modification of 
the arrangement for the optical system recording the probe position in the cryogenic atomic-force microscope and making 
measurements of approach and retraction force-distance curves under these conditions. Young’s modulus is determined from 
the obtained data by calculation taking into account the temperature dependence of a cantilever spring constant. As an example 
we have obtained a temperature dependence of Young’s modulus for polylysine in the temperature range stretching from 60 
to 300 K (RT) using the proposed technique. 
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 Introduction 
The method of atomic-force microscopy allows
to investigate the tribological properties of an ob-
ject’s surface at microscale. In spectroscopic measure-
ments, this method is used to study the distribution
of Young’s modulus over the surface of samples with
nanometer resolution and to perform qualitative and
quantitative analysis of the adhesive properties of ma-
terials. 
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(Peer review under responsibility of St. Petersburg Polytechnic University)The mechanical properties of the surface of objects
play an important role in many of their applications
in medicine and biology. The surface properties in the
design of prostheses and cardio- and neurostimulators
determine not only the strength and durability of these
devices, but also cell adhesion to them, which in turn
affects the whole process of the body adapting to such
structures. 
Studying the temperature dynamics of the mechan-
ical properties of cells is important for solving the
problems of cryobiology, a field concerned with the
behavior of cells and tissues at low temperatures [1,2] .
These properties of the plasma membrane influence
the mechanism behind cell destruction through de-
hydration as a result of freezing. The mechanicalction and hosting by Elsevier B.V. This is an open access article 
nc-nd/4.0/ ) 
. 
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Fig. 1. Schematics of the optical system for detecting the probe position in an atomic-force microscope: constructed by the interferometric 
principle (a) and with a quadrant photodetector (b); Sample 1; XYZ-scanner 2; probe tip 3 and cantilever 4; laser 5; enlarged view of tip 7 of 
optical fiber 6; quadrant photodetector 8. Arrow lines indicate the propagation of the laser beam: (a) 96% of the radiation is shown by black 
lines, 4% by gray lines; (b) 100% of the radiation is shown by black lines. properties of the membrane need to be studied for se- 
lecting the optimal conditions for freezing and thawing 
biological objects, as well as for storing them. 
The cell is a difficult object for studying the tem- 
perature dynamics of the mechanical properties of 
the membrane, as measurement results are influenced 
by various processes including crystallization of ice. 
Therefore, before proceeding to investigate the me- 
chanical properties of the cells, it is preferable to first 
carry out model studies in order to identify and sep- 
arate the contributions that different phenomena and 
processes make into the mechanical properties of the 
cell membrane under freezing. For such a model we 
have chosen the polylysine biopolymer which is a 
small natural homopolymer of the essential L -lysine 
amino acid. 
The goal of our study is to develop a procedure for 
determining Young’s modulus by the AFM on the ex- 
ample of polylysine over a wide range of temperatures 
below room temperature. 
The procedure 
A technique of recording the force-distance curves 
was used to determine the elasticity modulus of 
polylysine. Since the optical system detecting the de- 
viations of the cantilever spring in a cryogenic atomic- force microscope (AFM) has a number of peculiarities, 
the technique for recording these curves differed from 
the standard one. 
The optical system for detecting the position of 
the cantilever 4 ( Fig. 1 a) in the cryogenic AFM is 
based on interferometric principles. It consists of a 
single-mode fiber 6, an infrared semiconductor laser 5 
with the wavelength of 1330 nm, and a photodetector. 
A Fabry–Pérot interferometer is located between the 
probe microscope 3 and 4 and the polished tip 7 of 
fiber 6. Thus, the optical fiber serves a dual purpose: 
on the one hand, it delivers laser light to the probe 
(approximately 96% of the radiation passes through 
the polished tip of the optical fiber and is partly re- 
flected by the probe), and on the other hand forms 
a part of the interferometer (the rest of the radiation 
is reflected from the optical fiber/air interface). The 
laser beam reflected from the probe is partially trans- 
mitted back to the optical fiber and interferes with the 
beam reflected from the optical fiber/air interface. If 
the probe deflects from its initial position, the size of 
the interferometer cavity changes, which corresponds 
to the change in the level of the interferometric signal 
and, in turn, leads to a change in the signal received 
by the photodetector. The process of adjusting the op- 
tical system which is sensitive to the deflection of the 
cantilever consists in registering the dependence of the 
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Fig. 2. Determining the value of probe indentation into the surface of the sample (see the schematic in Fig. 1 a): (a) is the calibration 
interferogram, (b) is the typical appearance of the curve for the probe approaching the sample, (c) is the combination of curves (a) and (b); 
(d) are the approach curves for a standard detection system (see Fig. 1 b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 output signal from the interferometer on the size of its
cavity, i.e., the distance between cantilever 4 and op-
tical fiber 6. 
The size of the interferometer cavity can be
changed by two methods: either using a piezoelectric
element located directly under the probe (designed for
the AFM operating in dynamic modes [3] ), or during
a scan, when the AFM probe tip is in contact with the
sample’s surface. The probe does not interact with the
surface during optical system calibration, and the size
of the interferometer cavity is changed by means of
the piezoelectric element. 
A typical interferogram obtained during the cali-
bration of the optical system is shown in Fig. 2 a. The
voltage U applied to the piezoelectric element is plot-
ted on the abscissa; as a result, the piezoelectric ele-
ment changes its size dX and moves the probe toward
the optical fiber. The ordinate represents the level of
the signal dV from the interferometer output. The dis-
tance between the peaks in the interferogram corre-
sponds to half the wavelength ( λ/2) of the semicon-
ductor laser of the optical detection system. The signal
level dV on the ordinate signal can be converted to thevalue of the probe tip displacement dZ by the follow-
ing formula: 
dZ = λ
2π
· dV 
V 
where V is the difference between the maximal and
the minimal transmission of the interferometer (see
Fig. 2 а ). 
The approach and retraction curves for measuring
the mechanical properties of the sample are recorded
as follows: sample 1 is mounted on piezoscanner 2
of the AFM (see Fig. 1 a), the piezoscanner moves
towards probe 3 and 4, as probe tip 3 contacts the
surface of sample 1, elastic forces start acting on
the probe; this leads to bending of cantilever 4 and
the corresponding change in the interferometer cavity.
The typical form of the approach curve obtained by
this method is shown in Fig. 2 b. The abscissa rep-
resents the piezoscanner movement dZ , and the ordi-
nate represents the interferometer transmission (signal
level) dV . Region I corresponds to the situation when
the probe does not interact with the sample surface
and the signal from the interferometer is the highest;
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ing due to the Van der Waals forces acting on the 
probe; Region III represents the contact interaction 
when the probe tip is in contact with the sample sur- 
face and the cantilever bending balances the elastic 
forces acting on the probe from the sample. It is Re- 
gion III that is used to calculate Young’s modulus of 
the sample. 
As a comparison, Fig. 2 d shows the shape of the 
curve for the probe approaching the measured sample 
(curve 2) for the case when the standard system for 
detecting the position of the probe tip is used. This 
system is based on the principle of registering the 
position of the laser beam reflected from the probe 
via the quadrant photodetector ( Fig. 1 b). The beam 
reflected from a straight cantilever falls in the cen- 
ter of the photodetector. The deformation of the can- 
tilever results in the displacement of the beam [3] . It 
should be noted that the optical interferometric sys- 
tems provide greater measurement accuracy compared 
with the systems using quadrant photodetectors. For 
example, the accuracy of measuring the amplitude of 
probe vibrations in dynamic scanning modes may ex- 
ceed 160 fm/(Hz) 1/2 [4] . 
The technique we propose involves using a segment 
of the approach curve corresponding to the contact in- 
teraction between the probe and the surface (Region 
III in Fig. 2 b) for determining Young’s modulus. The 
tip of the probe is simulated by a hemisphere with 
the radius equal to the curvature radius of the probe 
tip, and the sample is simulated by an infinite half- 
plane. The tip of the probe is indented into the surface 
of the sample. The experimentally measured value of 
the indentation is used for solving the Hertz problem 
[5] . The solution to the above-described problem de- 
fines the relationship between the force F acting on 
the probe from the sample and the value of the in- 
dentation δ of the probe into the sample surface. This 
relatioship is expressed by the formula 
F = δ3 / 2 2π
3 
E 
1 − μ2 R 
1 / 2 , (1) 
where E is Young’s modulus, R is the curvature ra- 
dius of the probe tip ( R = 10 nm), and μ is Poisson’s 
ratio (for biological objects it is typically assumed that 
μ= 0.5). 
Correctly using the Hertz model is only possible if 
the value of probe indentation into the surface of the 
sample is much smaller than the curvature radius of 
the probe tip (in our study, it is less than 10 nm, and 
this condition is satisfied). This condition is imposed in elasticity theory in order to prevent the occurrence 
of plastic deformations in the sample. 
The main difficulty arising in our measurements of 
the force F depending on the value of indentation δ
(for determining Young’s modulus) is in finding the 
point of contact between the probe and the surface of 
the sample on the approach curve. We have developed 
the following technique for determining this point. In 
contact scanning mode, the level of the signal received 
from the interferometer output is taken for the con- 
tact point dV av ; this signal level corresponds to the 
mean between the maximum and the minimum trans- 
mission values of the interferometer dV av =V /2 (see 
Fig. 2 a). In other words, when the probe does not in- 
teract with the sample surface, the optical system is 
adjusted so that the transmission of the interferometer 
is at its maximum value (Region I in Fig 2 b); as the 
probe approaches the sample surface, the piezoscanner 
starts moving forwards until the signal from the inter- 
ferometer falls to dV av . The region near this contact 
point is linear due to the properties of the Fabry–Pérot 
interferometer and corresponds to its maximum sensi- 
tivity. We approximated this region near the operating 
point of the contact mode by a line, and defined the 
point of the contact (CP in Fig. 2 b) between the probe 
and the sample surface the point in which the line of 
the approach curve diverges from the approximating 
line. 
To determine the value of δ, we used the cali- 
bration interferogram (see Fig. 2 a). The region near 
the point dV av was approximated by a straight line. 
A reference set point (SP) was determined from the 
separation of the straight line from the interferogram, 
and was then aligned with the contact point (CP) 
on the approach-retraction curve ( Fig. 2 c). The value 
of δ was found from the difference between the dV 
values for the lines approximating the linear regions 
(see the plots in Fig. 2 a and b), with the dZ values 
corresponding to the CP and exceeding it. We believe 
that this technique for determining the value of probe 
indentation into the surface of the sample is similar to 
that for systems using the quadrant photodetector (see 
Fig. 1 b). In such systems, the indentation value is cal- 
culated as the difference δ between the corresponding 
values on the approach curves obtained for the test 
and the study samples (curves 1 and 2 in Fig. 2 d, 
respectively). This procedure can be also used to de- 
termine the stiffness of the cantilever. The value of the 
elastic constant of the test sample by far exceeds that 
of the corresponding constant of the cantilever. In this 
case, the probe will not indent the sample surface in 
contact mode and curve 1 can be used for determining 
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Fig. 3. Experimental data (dots) and their approximations (lines) for determining Young’s modulus of the study sample: ( а ) is the spectrum of 
thermal vibrations of the cantilever; (b) is the function of the force F acting on the probe from the sample versus the quantity δ (the depth of 
probe indentation into the sample surface). The results of the approximations by formulae (2) and regression analysis of the approach curve 
by formula (1) are shown ( a and b , respectively). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 the elastic constant of the cantilever. The difference
between the approach curves obtained for the test and
the study samples with the dZ values starting from the
contact point and higher is taken as the indentation
value δ. Similarly, the difference between the linear
regions near dV av on the calibration interferogram and
the approach curve is taken in the systems with an
interferometer as the indentation value δ (see Fig. 2 c).
Using the measured approach curves, we deter-
mined the force acting on the probe from the sample
surface as the product of the cantilever spring con-
stant k by the piezoscanner movement value dZ (this
quantity is plotted on the abscissa in Fig. 2 b). Next,
we constructed the F ( δ) dependences to find Young’s
modulus of the sample. The experimental points ob-
tained were then approximated by the dependence de-
scribed by formula ( 1 ); the method of least squares,
where Young’s modulus E acted as the fitting param-
eter, was used for this purpose. The results of the re-
gression analysis performed for a separate approach
curve are shown in Fig. 3 b. 
One of the main issues in solving the contact prob-
lem while studying the temperature dependence of
Young’s modulus is in correctly determining the con-
stant k . It is used for calculating the force F acting
from the sample on the probe tip in contact mode.
The difficulty lies in the fact that the cantilever spring
constant depends on temperature. Therefore, the con-
stant k must be determined for each temperature point
before solving the Hertz problem. We used the Sader
method [6] to find the cantilever spring constant. It
allows to correlate the normal spring constant of aflexible cantilever with the range of its thermal vibra-
tions in a medium with known viscosity and density
values. To find the constant k , we measured the spec-
trum of thermal vibrations of the cantilever, called for
short the thermal peaks ( Fig. 3 a). The shape of the re-
sulting spectrum was approximated by the following
function: 
R(ω ) = A 0 ω 
4 
( ω 2 − ω 2 r ) 2 + ω 
2 ω 2 r 
Q 2 
, (2)
where Q is the quality factor, ω r is the natural resonant
frequency of the probe, and А0 is the peak amplitude.
These fitting parameters were then used for calcu-
lating the spring constant by the formula 
k = 0. 1906 ρb 2 LQω 2 r (ω, ρ, η, b) 
where ρ and η are the density and the viscosity of the
medium; b and L are the width and the length of the
cantilever; Q is the quality factor of its vibrations; ω r
is the frequency of the first resonance peak;  is the
imaginary component of the hydrodynamic function. 
The results of the approximations by formulae ( 2 )
and regression analysis of the approach curve by for-
mula ( 1 ) are shown (a and b, respectively). 
Results and discussion 
The mechanical properties of polylysine were stud-
ied using an AttoAFM I cryogenic atomic force mi-
croscope (Attocube Systems, Germany). The NSC15
probes (MMasch, Bulgaria) with the cantilever spring
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Fig. 4. Surface topography of polylysine obtained by the AFM 
method. 
Fig. 5. The experimental temperature dependence of the cantilever 
spring constant (dots) and its approximation (straight line). 
Table 1 
Young’s modulus of polylisine versus temperature. 
Temperature (K) Young’s modulus (MPa) 
k ( T ) factored in k ( T ) not factored in 
65 68.40 ± 0.23 7.36 ± 0.35 
90 17.09 ± 2.07 2.50 ± 0.17 
125 18.96 ± 1.90 2.70 ± 0.23 
185 12.03 ± 2.38 2.59 ± 0.20 
215 8.39 ± 1.75 2.89 ± 0.19 
245 7.76 ± 0.46 3.10 ± 0.19 
Note: k ( T ) is the temperature dependence of the cantilever spring 
constant of the AFM probe. constant lying in the 20–75 N/m range and the reso- 
nant frequency of 265–400 kHz were chosen for the 
measurements. We used slides coated with a 1 mm 
thick layer of poly- L -lysine (Yancheng Huida Medi- 
cal Instruments CO, LTD, China). 
We measured the surface topography of the sam- 
ple in a 15 μm ×15 μm-sized region in the tempera- 
ture range from 60 to 300 K, with a step of 30 K. We 
selected 16 points in this region so that the distance 
between them was not less than 1 μm. The approach 
curves were measured in each of the points. Young’s 
modulus was then determined for each approach curve 
as described above. The obtained values of Young’s 
modulus were averaged over 16 approach curves. A 
typical form of the obtained surface topography of 
polylysine is shown in Fig. 4 . The analysis of the re- 
sults led us to conclude that this surface is relatively 
smooth, with small round inclusions. The average sur- 
face roughness defined in the 15 μm ×15 μm area is 
1.75 nm. 
The dependence of the cantilever spring constant 
on temperature, calculated by the Sader method, is 
shown in Fig. 5 . As can be seen from the data, this 
constant increases linearly with a decrease in temper- 
ature, while its value at 5 K is about 6–7 times higher 
than the respective value at room temperature. 
The experimental curves of the force F acting on 
the probe from the sample versus the δ value for 
different temperatures are shown in Fig. 6 a. Young’s 
moduli for polylysine were found for the obtained ex- 
perimental dependences based on the solution for the 
Hertz problem in a predetermined temperature range; 
the temperature dependence of the cantilever spring 
constant was taken into account in doing so (see Fig. 5 ). For comparison, Table 1 shows the values of 
Young’s modulus calculated without this temperature 
dependence taken into account. It was found that in 
the temperature range of 90–295 K, Young’s modu- 
lus of polylysine gradually increases with a decrease 
in temperature ( Fig. 6 b). According to the results ob- 
tained, the values of Young’s modulus of polylysine at 
T = 90 K are 2.5 times higher than the respective val- 
ues at room temperature. Young’s modulus of polyly- 
sine increases abruptly (by 7 times) below 90 K com- 
pared with the values obtained for room temperatures. 
The observed difference, namely, a sharp rise on the 
temperature curve of the elastic properties of polyly- 
sine at about 80 K, is likely caused by the structural 
modification of the polymer under these conditions. 
Conclusion 
To summarize, we have developed a method for 
determining Young’s modulus of the sample surface 
using an AFM with an optical system for detecting 
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Fig. 6. Obtaining the temperature dependence of Young’s modulus for polylysine: a shows the curves for F ( δ) at temperatures of 125 K 
(1), 215 K (2), and 245 K (3); (b) is the resulting dependence of Young’s modulus on the temperature, taking into account the temperature 
dependence of the cantilever spring constant. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 the position of the probe organized by the interfer-
ometric principle. We have obtained the temperature
dependence for the spring constant of the AFM probe
cantilever in the range from 30 to 295 K. The proposed
technique was used to determine the temperature de-
pendence of Young’s modulus of polylysine in view
of the elastic properties of the AFM changing in the
temperature range from 60 to 295 K. 
The procedure we have developed opens up new
opportunities for studying various objects, including
biological ones. Our immediate task is to use the new
procedure for studying the mechanical properties of
cell membranes. 
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